Pre-existing female biases are female preferences for a particular trait that evolved prior to the evolution of that trait. Phylogenies are needed to show when the preference and trait have originated. In several live-bearing fishes (Poeciliidae), females show pre-existing biases for male swords, a colorful extension of the caudal fin. Here, we investigated the pre-existing bias hypothesis by predicting preferences for a sword in several molly species, including 2 unusual species in the monophyletic subclade Mollienesia: the Amazon molly, Poecilia formosa, a sperm-dependent hybrid form, and the Tamesi molly, Poecilia latipunctata, a species in the long-fin molly clade, that has a short-fin morphology. Using published sequence data available for this family, behavioral approaches, robust phylogenetic analyses, and Bayesian ancestral state reconstructions, we tested whether the hybrid P. formosa has a preference similar to the maternal ancestor, Poecilia mexicana, or the paternal ancestor, Poecilia latipinna. Surprisingly, the preference shown by P. formosa was variable between populations and matched the preference found in the co-occurring host species. In P. latipunctata, we found a pre-existing bias for sworded males, suggesting that this represents an ancestral trait for the long-fin molly clade. On the basis of the combined evidence from multiple studies, it seems as if pre-existing biases for sworded males are relatively basal to poeciliids and that existing phylogenetic relationships allow us to predict sensory biases.
INTRODUCTION
Sexual selection theory as introduced by Darwin (1859) explains how traits evolve in response to preferences, but it has been more difficult to understand how preferred traits come to be in the first place . One mechanism that can fill this conceptual gap is the pre-existing bias hypothesis: preferences evolve in a nonsexual context, like a color preference for food; if the trait subsequently appears in the opposite sex, then the trait and preference can become coupled or matched Endler and Basolo 1998) . Recent evidence from several taxa supports the pre-existing bias hypothesis: females of many species have been shown to prefer traits of heterospecific males that do not naturally occur in their own species (reviewed in Ryan and Cummings 2014) , including: birds (Clark and Feo 2010) , fishes (Basolo 2002a (Basolo , 2002b MacLaren and Rowland 2006; Egger et al. 2011; De Serrano et al. 2012) , frogs Rand 1990, 1998) , and invertebrates (McClintock and Uetz 1996; Schiestl and Dötterl 2012) . One key assumption of the pre-existing bias hypothesis is that one can use a phylogeny to show that the preference for a trait in question can be found before the trait evolves in the species in question. Unfortunately, phylogenetic hypotheses often change, requiring re-evaluation of examples of pre-existing biases as new phylogenies become available. Therefore, in our present study, we investigate a group in which molecular and non-molecular phylogenies are widely in agreement and test for the presence of a well-studied preference, the preference for a sword (an extension of the caudal fin, see below) in the genus Poecilia, where this trait is not present.
Pre-existing biases have been extensively researched in many taxa, but especially in the family of live-bearing fishes, Poeciliidae (Basolo 1995a (Basolo , 1995b Schlupp et al. 1999; Rodd et al. 2002; Endler and Basolo 1998) . Within the genus Xiphophorus, only some species (the swordtails) have elongated fin rays of the ventral part of their caudal fin known as a sword (Figure 1 ), whereas others (the platyfish) lack this trait. However, there are some exceptions among platyfish: Xiphophorus andersi, Xiphophorus maculatus, and Xiphophorus xiphidium have a small protrusion in the ventral rays of the caudal fins but these extensions are not typical "swords" (Dzwillo 1962; Cui et al. 2013) . A similar phenotype has also been observed in the molly genus Poecilia (Poecilia petenensis and Poecilia kykesis ; Poeser 2002) . It seems that the sword exploits a generalized female preference for large male body size (Rosenthal and Evans 1998) , and it has been suggested that the sword itself evolved after the evolution of the female preference (Basolo 1995a) . The phylogeny within the genus Xiphophorus has been revised several times lately (Meyer et al. 1994; Basolo 1995b Basolo , 1996 Marcus and McCune 1999; Morris et al. 2001; Cui et al. 2013; Jones et al. 2013; Kang et al. 2013) , and a recent article suggests extensive reticulated evolution (i.e., via hybridization; Cui et al. 2013) . Currently, the sister group to Xiphophorus is thought to be a group of genera comprising Heterandria, Gambusia, and Belonesox (Hrbek et al. 2007 ). Although Belonesox have not been studied, Gambusia and Heterandria females have been found to display no preference for swords (Gould et al. 1999; Basolo 2002a) . On the other hand, females of a more distantly related genus, Priapella, show the preference for sworded males, but males lack the trait (Basolo 1990 (Basolo , 1995a (Basolo , 1995b .
Molly species make up a single monophyletic group, Mollienesia, and are further divided into 2 clades, the short-fin mollies and long-fin mollies. This is based on the morphology of the dorsal fin, and long-fin mollies typically have a long and high dorsal fin, which plays an important role in male courtship. Within the poeciliids, mollies are only distantly related to swordtails in the genus Xiphophorus. It has been shown previously that one species, a longfin molly (Poecilia latipinna) has a preference for swords, whereas another species, a short-fin molly (Poecilia mexicana) is indiscriminate (Basolo 2002b ). However, another study using a different methodology found that P. latipinna females did not discriminate between sworded and nonsworded males (Witte and Klink 2005) . Given this finding, we wanted to examine whether a pre-existing bias for swords in males is basal to the long-fin molly clade, so that all long-fin mollies show the preference, or if alternatively the preexisting bias for swords in males is associated with the morphology of the species, with females of the long-fin morphology preferring males with swords and short-fin mollies morphology lacking this preference (Ptacek and Breden 1998; Basolo 2002b) . To study this, we took advantage of an oddity of the phylogeny within the genus (Schartl et al. 1995; Ptacek and Breden 1998) . One species, Poecilia latipunctata, the Tamesi molly, was historically classified as a short-fin molly based on morphology and ecology (Miller 1983) , but based on molecular and behavioral evidence, this species is actually more closely related to the long-fin mollies (Schartl et al. 1995; Ptacek and Breden 1998; Ptacek et al. 2005 Ptacek et al. , 2011 . This leads to our prediction: based on their phylogenetic position as a long-fin molly, P. latipunctata females should prefer swords.
More importantly, we use a natural hybrid species, Poecilia formosa, the Amazon molly, to investigate whether or not preferences potentially found in this species show an inheritance pattern similar to that of their maternal host species. Poecilia formosa is a unisexual, gynogenetic species found along the Gulf of Mexico from Texas through northern Mexico. Poecilia formosa is an ancient, natural hybrid of 2 sexually reproducing parental species: P. latipinna, a long-fin molly (paternal parent), and P. mexicana, a short-fin molly (maternal parent; ca. 120 000 generations ago; Hubbs CL and Hubbs LC 1932; Schartl et al. 1995; Stöck et al. 2010) . A recent article suggests that subsequent to an original hybridization some backcrossing may have occurred (Alberici da Barbiano et al. 2013 ; see also Schlupp 2005) . The authors report that their findings "all suggest that gynogenetic individuals have a genome that is intermediate between P. latipinna and P. mexicana," but find that not all loci show a simple pattern predicted by a single origin with no subsequent evolution of the genome. Multiple processes can account for this: introgression of paternal DNA (e.g., Schartl et al. 1995) and mitotic gene conversion (Tiedemann et al. 2005) . Alternatively, the pattern found by Alberici da Barbiano et al. (2013) could also be explained if "substantial evolution has occurred in P. latipinna and P. mexicana since they gave rise to P. formosa." Given the overwhelming evidence for a hybrid origin of P. formosa, we use this to predict preferences in P. formosa, as many other studies did and continue to do (see also Kim et al. 2014) .
Images of Xiphophorus hellerii male (top left box: (a) unaltered image, (b) the extension of the caudal fin (sword) of the male removed, (c) the sword used to fuse to either Poecilia latipinna, Poecilia mexicana, or Poecilia latipunctata), P. latipinna male (top right box: (d) unaltered image, (e) the sword of the male X. hellerii fused to the ventral caudal fin to represent a "sworded" P. latipinna male), P. mexicana male (bottom left box: (f) unaltered image, (g) the sword of the male X. hellerii fused to the ventral caudal fin to represent a "sworded" P. mexicana male), and P. latipunctata male (bottom right box: (h) unaltered image, (i) the sword of the male X. hellerii fused to the ventral caudal fin to represent a 'sworded' P. latipunctata male).
Poecilia formosa utilize the sperm produced by males of either the P. latipinna or P. mexicana to initiate embryogenesis (Hubbs CL and Hubbs LC 1932; Schlupp 2005) . The sperm DNA, however, is typically not incorporated into the offspring's genome and therefore gives no direct reproductive benefit to males mating with these females (but see Schlupp et al. 1994; Heubel et al. 2008) . Poecilia formosa females have been shown to exhibit various mating preferences (i.e., for body size, etc.) although it is unknown if these preferences have some benefit or if they are inherited and maintained from their sexual ancestors (reviewed in Schlupp 2009; Schlupp and Riesch 2011) . Previous work on P. formosa (Gumm and Thaker 2009) found that females are indiscriminate toward sworded males and avoid sworded females. This study was based on a single, introduced population from Central Texas (Gumm and Thaker 2009 ). The present study employed a comparative approach using multiple species of Poecilia, and several populations of P. formosa to resolve which species show a preference for swords based on predictions made from an existing, robust phylogeny and whether P. formosa exhibit a preference for a sword in males from both the paternal and maternal host species.
The evidence for a pre-existing bias found in one but not the other parental species informs our predictions for P. formosa. The first prediction is based on the hybrid origin of P. formosa: (i.e., all or most of the genetic variation captured during the hybridization event is still present in the species and the expression of traits is intermediate), we expect P. formosa to show a uniform but weak preference for sworded males (Vrijenhoek 1979; Dries 2003; Schlupp 2009 ). Alternatively, if P. formosa show maternal inheritance of preferences, we predict that P. formosa should show a uniform preference similar in strength to the maternal ancestor, P. mexicana. These hypotheses essentially assume that the clonal P. formosa evolve very slowly, but it is not clear if this is actually the case (Loewe and Lamatsch 2008) . One alternate prediction could be that P. formosa evolve preferences that allow them to utilize resources neglected by the sexual females, such as small males (Schlupp 2009 ); however, this prediction is not tested herein.
METHODS

Fish maintenance
Original populations were maintained at the University of Oklahoma's Aquatic Research Facility (Norman, OK) under identical conditions. All species were isolated from each other, with the exception of P. formosa females that were housed with males from their sexual hosts (P. latipinna males with P. formosa from Comal Spring, Lincoln Park, TX; P. mexicana males with P. formosa from Laguna Champaxan, Río Purificación, Baños de San Ignacio, Mexico). Females were separated from males and kept in groups of 15-20 individuals 2 weeks prior to experimentation. Tanks (77 × 32.5 × 31.7 cm 3 ) were maintained at a temperature of 25 ± 3 °C, contained natural rock on the bottom and a filter system at one end of the tank. Populations that were used in this study were composed of offspring of wild- 
Video production
Live-image photographs were taken for 4 males from all 4 species with a digital camera (Canon EOS Digital Rebel XTi with EF 50 mm 2.5 macro lens, Tokyo, Japan), and the best image (pictures were in focus along the whole body and males were completely lateral without curving in the caudal-peduncle region) of each was selected. The white background of the image was cropped so that only the image of the fish remained (using Adobe Photoshop Elements 6). For the X. hellerii male photos, 2 images were produced ( Figure 1a,b) , one unaltered and the second with the sword digitally removed. To create the sworded males of P. latipinna, P. mexicana, and P. latipunctata, the body of X. hellerii was digitally removed, so that only the sword remained (Figure 1c ), and this image was then used in the manipulation of other images. From each of the original P. latipinna, P. mexicana, and P. latipunctata male photos, 2 images were also produced (Figure 1d -i), one was left unaltered and the second was digitally altered such that the sword of an X. hellerii was attached to the ventral caudal fin of the male. Videos were produced from the still images using Pencil Traditional Animation Software (version 0.4.4b). Two videos of the same fish swimming, one from left to right and the second from right to left, were produced on a white background at 4 frames per second. These videos were then fused together to create a single AVI video used for the playback with SplitFuse software (version 2.2). The final video of the males had an on-screen body size (standard length) of 40 ± 3 mm with a resolution of 800 × 600 pixels and were presented in a loop. Video playback for live-bearing fishes has been successfully used before in previous studies (Rosenthal and Evans 1998; Trainor and Basolo 2000; Makowicz et al. 2010) .
Behavioral experiments
Xiphophorus hellerii, Poecilia latipinna, Poecilia mexicana, Poecilia latipunctata We used a standard setup for binary choice tests. A tank (61 × 39 × 30 cm 3 ) was divided into 3 zones, so that the central zone was designated as neutral zone, and the 2 other zones were designated as preference zones. The stimuli were presented as videos on monitors placed opposite of each other on the short sides of the choice tank. During each test, females were placed into a clear Plexiglas cylinder in the center of the experimental tank for 5 min to acclimate. The behavior and movement of the females were monitored and tracked using a camera (Sony ExwaveHAD) placed above the setup, connected to a PC running Viewer (BIOBSERVE GmbH, Bonn, Germany). The Viewer program recorded time (second) and counted how often an individual entered each zone. In addition, it controlled the video playback using the Monitor Trainer Plug-in, automatically starting, stopping, and switching (see below) the videos and saving the recorded data. After the 5-min acclimation period, the cylinder was removed, and once the female was swimming freely between the 2 stimuli, the experiment started. Videos of conspecific males, sworded and nonsworded male, were played on the monitors. Each trial was run for 5 min; after each trial, the videos stopped playing and the females were allowed another 5-min acclimation period. This second acclimation period was then followed by another trial in which the videos were switched on the monitor screens to control for side-bias preferences. The females were weighed (gram) and measured (standard length, millimeter) at the conclusion of the second trial and then returned to a separate stock tank. Females that displayed a side bias (more than 85% preference for a particular side of the tank; McCoy et al. Behavioral Ecology 2011) after the first experiment were removed from the experimental tank and were retested the following week. A total of 30 X. hellerii, 19 P. latipunctata, 45 P. latipinna, and 26 P. mexicana females were used. If the female was still displaying a side bias, she was removed from the data analysis.
Poecilia formosa All P. formosa populations (sympatric with P. latipinna or P. mexicana) were tested with a similar protocol but were presented with males of their natural host species in addition to novel males from the other host species, for a total of 4 trials rather than 2. For instance, females were presented with a choice between a sworded and nonsworded sailfin male in the first experimental test, followed by a choice between a sworded and nonsworded Atlantic male. The order in which the parental species and the side the videos (sworded male/nonsworded male) were presented was randomized to prevent any order effects. Afterwards, they were removed, weighed, measured, and placed into a separate stock tank. A total of 68 P. formosa females were tested and were composed of 6 different populations across the geographic range of the species (25 females from 3 P. mexicana-host populations, 43 females from 2 P. latipinnahost populations).
Statistical analysis
All statistical analyses were conducted with SPSS (version 17.0.0; SPSS Inc. 2008). Times spent with the sworded male or the nonsworded male from both parts of each trial were summed for total time spent (TTS) with each type of male. Strength of preference (SOP) scores were then calculated from the TTS with each male by dividing the TTS by the sum of both types of males (i.e., TTS s /[TTS ns + TTS s ]). SOP scores were then square root (arcsine) transformed to meet the assumption of normality (for raw SOP score distributions, see Supplementary Figure S1 ). We took 2 approaches to analyze the data. First, to analyze the female preference for or against a sword within a species we used paired t-tests on the transformed SOP scores. This approach allowed us to determine if females had a positive preference for sworded males, no preference for either male, or a negative preference for sworded males (i.e., a positive preference for nonsworded males). In our second approach, we ran a 1-way Anova to analyze the differences in preferences between the species. We used the SOP score for sworded males as our dependent variable and species type as our fixed factor. We included female standard length as a covariate initially; however, female standard length did not significantly influence the dataset (F = 0.765, P = 0.383). Consequently, we ran a second model without this variable. For this second model, we ran pairwise Tukey post hoc tests to determine which species were significantly different from each another. Following the methods of McCoy et al. (2011) and Joachim and Schlupp (2012) , individuals were excluded from all analyses if they showed a side bias of more than 85% (X. 
Taxon sampling and data collection
Phylogenetic analyses for this study took advantage of previously published datasets (Hrbek et al. 2007; Ptacek and Breden 1998; Cui et al. 2013) . Our higher-level phylogenetic analyses included samples of all the species in the Poeciliid family tree (Hrbek et al. 2007) and additional species that have known female preference data for the sword characteristic. For these analyses, total in-group sampling included 44 individuals representing 24 genera (including the top 3 of the most species-rich genera) of the 250 currently recognized species of Poeciliids (Supplementary Figure S2) . Samples of Tomeurus gracilis and Xenodexia ctenolepis were included as out-groups based on recent higher-level phylogenetic studies of the family Poeciliidae (Hrbek et al. 2007) .
Given the paucity of known behavioral characteristics for many species within the focal family, subsequent analyses aimed at elucidating patterns of evolution for female preferences for sword characteristics focused on a focal subset of the total in-group sampling with more complete behavioral data available (Supplementary Figure S3) . This reduced dataset consisted of the same out-group taxa and 31 in-group samples representing the following genera: Gambusia, Heterandria, Micropoecilia, Poecilia, Priapella, and Xiphophorus.
All sequences used in this study were available on GenBank (Supplementary Table S1 ) and included sequence data for the protein-coding regions of 2 mitochondrial genes, NADH dehydrogenase subunit 1 and cytochrome B, and a single nuclear gene, recombination activating protein 1.
Sequence alignment and phylogenetic analyses
Alignments were produced in muscle (Edgar 2004 Table S2 ). The best-fit model for each data partition was implemented in subsequent Bayesian analyses. A rate multiplier-model was used to allow substitution rates to vary among subsets, and default priors were used for all model parameters. We ran 4 independent Metropolis-coupled, Markov Chain Monte Carlo (MCMC) analyses, each with 4 chains and an incremental heating temperature of 0.02. All analyses were run for 15 million generations, sampling every 5000 generations. To assess stationarity, we compared independent runs by plotting all sampled parameter values and loglikelihood scores from the cold Markov chain against generation time using Tracer (version 1.6; Drummond and Rambaut 2007), as well as plotted the cumulative and nonoverlapping split frequencies of the 20 most variable nodes to compare split frequencies among independent runs using Are We There Yet? (AWTY; Wilgenbusch et al. 2004 ). We observed patterns consistent with stationarity in all samples within the first 4 million generations; however, we conservatively discarded the first 50% of samples as burn-in.
Maximum likelihood (ML) analyses were conducted in RAxML-VI-HPC (version 7.0; Stamatakis 2006) on the partitioned mitochondrial (mtDNA) dataset and the nuclear (nuDNA) dataset using the same partitioning strategy as for Bayesian analysis. The more complex generalized time-reversible model (GTR + Γ) was used for all subsets, and 100 replicate ML inferences were performed for each analysis. Inferences were initiated with random starting trees and nodal support was assessed with 100 bootstrap pseudoreplicates (Stamatakis et al. 2008) .
Hybridization events and mitochondrial-nuclear discordance have been well documented in this family. Given the higher-level focus of our phylogenetic assessments, the absence of known behavioral data on the majority of species in the family, and the availability of published sequence data for a few genes only, we chose to analyze mtDNA and nuDNA datasets independently. Although we observed a few instances where locus-specific analyses resulted in phylogenetic inferences that varied slightly from previously published topologies (Hrbek et al. 2007; Ptacek and Breden 1998; Cui et al. 2013) , in most cases, these relationships and those previously published received weak to moderate support only.
Relative time analyses
For behavioral trait analyses in this study, we estimated relative rate chronograms in a Bayesian framework using BEAST (Bayesian Evolutionary Analysis Sampling Trees; version 1.8.2; Drummond and Rambaut 2007) on the reduced dataset of 31 focal individuals (including 2 out-group taxa), using the concatenated mtDNA dataset only. This dataset was composed of individual lineages per species. Four independent BEAST runs of 50 million generations were completed under the same partitioning strategy as for Bayesian analyses. We imposed an uncorrelated lognormal relaxed clock prior on substitution rates (Drummond et al. 2006 ) and a Yule speciation prior. Parameters were sampled every 5000 generations and the initial 50% of each run was discarded as burn-in, leaving a combined 20 000 trees in the posterior distribution. As with other Bayesian analyses, we evaluated convergence using Tracer (Drummond and Rambaut 2007) and AWTY (Wilgenbusch et al. 2004 ).
Ancestral behavioral preference reconstruction
To explore higher-level patterns of evolution of female preference for male sword morphology in Poeciliids, we compared empirically observed (extant) character states with estimates of ancestral states using the program BayesTraits (version 2.0; Pagel 1994; Pagel and Lutzoni 2002). The LogCombiner (version 1.8.4) program of BEAST was used to combine trees from the posterior distributions of the 4 independent BEAST runs. Of the 20 000 trees in the posterior distribution, we reduced the dataset to a file with 1000 trees from the posterior distributions of these previous analyses. Given the extent of missing behavioral data among species within the 31-taxon reduced dataset, we trimmed the in-group sampling for each of the 1000 chronograms (described above) to include taxa with known behavioral preferences only (17 species : Basolo 1990 : Basolo , 1995b : Basolo , 1998 : Basolo , 2002a : Basolo , 2002b Rosenthal and Evans 1998; Gould et al. 1999; Rosenthal et al. 2001 Rosenthal et al. , 2002 Basolo and Trainor 2002; Meyer et al. 2006; Wong and Rosenthal 2006; Rosenthal and Ryan 2011; Cui et al. 2013 ; this study). These chronograms were then used in analyses of behavioral data in BayesTraits in an effort to account for phylogenetic uncertainty. Without a greater knowledge of the developmental plasticity of both the focal male phenotypes as well as the female behavioral preferences in this system, we chose a bidirectional model of evolution allowing for independent rates of character acquisition and loss. For all analyses, we seeded the mean and variance of a gamma prior from uniform distributions in the interval 0-20 by enforcing the "Hyperpriorall" command of BayesTraits. We ran MCMC chains for 20 million generations, sampling every 5000th generation, and discarded the first 50% of samples as burn-in. The new version of BayesTraits automatically optimizes the rate deviation parameter for appropriate acceptance rates. The remaining 2000 samples were used to summarize the posterior probabilities of ancestral character states for all nodes of the tree. We employed the "AddNode" command of BayesTraits to specify all nodes in the chronograms for visualization of the posterior probabilities of character states.
For focal ancestral nodes of interest with ambiguous estimated ancestral character states, we ran additional analyses employing the "fossil" command of BayesTraits. This command allowed for us to sequentially enforce the character states making up 95% of the posterior probability at a single node, prioritizing character states with the highest posterior probability. Bayes factors were applied to compare support among these states at each node with ambiguous reconstructions to arrive at a statistical measure of support for a preferred ancestral preference (Supplementary Table S3 ). The degree of support presented by Bayes factor assessments follows Kass and Raftery (1995) and Nylander et al. (2004) . Finally, we explored the impact of the ancestral preferences among out-group taxa on reconstructions within our Poeciliid dataset (Goldberg and Igic 2008 ) by running additional analyses in which we assumed the ancestral preference for all nodes sister to our in-group sampling was a preference for sworded males (Basolo 2002b) .
Ethics note
This research was conducted under and approved by the University of Oklahoma's Institutional Animal Care and Use Committee (#R09-030 and R13-006). All individuals were recent descendants of wild-caught populations maintained at the University of Oklahoma's Aquatic Research Facility. Males were digitally manipulated, and therefore, no harm occurred to them during this process. Photographs were taken in a photo tank (16 × 6 × 2.5 cm 3 ), therefore fish remained in water at all time, eliminating stress. However, the width of the tank (2.5 cm) prevented fish from swimming back and forth and maintained a constant lateral view of the fish; similar tanks have been used to produce excellent quality, live photographs (Langerhans et al. 2004; Langerhans and Makowicz 2009 ). Females were maintained in all-female shoals to reduce stress and tested under standard binary choice test procedures.
RESULTS
Firstly, we confirmed the preference for swords in both X. hellerii (t 24 = 7.062, P < 0.001; Figure 2 ) and P. latipinna (t 37 = 2.103, P = 0.042) and the lack of a preference for swords in P. mexicana (t 14 = −0.522, P = 0.610) that Basolo (2002b) reported. Secondly, P. latipunctata showed a significant preference for sworded males (t 16 = 2.800, P = 0.013), which we predicted based on their phylogenetic position (Figure 3) . Thirdly, analysis of the preference data for P. formosa revealed a novel, unpredicted pattern with respect to their sympatric host species. Poecilia formosa from populations that are sympatric with either P. latipinna or P. mexicana show a lack of preference for a sworded P. mexicana male (P. latipinna host: t 21 = −0.546, P = 0.591; P. mexicana host: t 19 = −1.062, P = 0.302, Figure 2 ). However, P. formosa that are sympatric with P. latipinna showed a significant preference for sworded P. latipinna males (t 22 = 2.714, P = 0.013), whereas P. formosa females that are sympatric with P. mexicana preferred P. latipinna males without swords (t 20 = −2.515, P = 0.021). We found no significant difference between the P. formosa populations within each host type (F 1,10 = 2.469, P = 0.106 for P. formosa sympatric with P. mexicana and F 1,10 = 0.688, P = 0.610 for P. formosa sympatric with P. latipinna). Species were significantly different from one another (F 1,7 = 4.455, P < 0.0001). Post hoc analyses indicated that X. hellerii females differed significantly from P. mexicana females (P = 0.022), P. formosa females sympatric with P. mexicana (P. latipinna stimulus male, P = 0.001; P. mexicana stimulus male, P = 0.005), and P. formosa females sympatric with P. latipinna (P. mexicana stimulus males, P = 0.003; Figure 2) .
We recovered strong Bayesian bootstrap values for the reduced phylogenetic tree that included 31 species, 17 of which have known (Figure 3 ). Our dataset does include known species that have resulted from hybridization events, P. formosa and X. clemenciae, which group with their maternal species (P. mexicana for P. formosa and the southern platy fish clade for X. clemenciae). In addition, our phylogenetic tree reflects the 3 different ancestral states for P. formosa that were found in this study. Although there is a low Bayes factor support for the preferred state for the 5 focal nodes, this suggests a 43% probability that the ancestral state for the genus Poecilia is a preference for swords. Predicting the ancestral character state for all poeciliids is more ambiguous: 35% probability that the ancestral state is for a sword; 34% against a sword; and 31% no preference for either a sworded male or nonsworded male (Supplementary Figure S4) . Nonetheless, our Bayes factor analyses indicated a lot of uncertainty with predicting the ancestral character state, which reflects the limited number of species in our analyses (17 species).
DISCUSSION
Using video playback, we were able to fully confirm the earlier findings by Basolo (2002b) obtained using a different methodology (i.e., live stimulus males). As predicted, X. hellerii preferred swords. The preferences of P. latipinna for swords and the absence of this preference in P. mexicana were also predicted based on the previous studies.
On the basis of a current phylogeny (Hrbek et al. 2007 ), we also correctly predicted that P. latipunctata would show a preference for swords. This is important because, if preference were predicted by morphology, P. latipunctata should have behaved like another shortfin molly, P. mexicana, and would not have shown a preference. This makes it very likely that this preference is basal to the long-fin clade within the genus Poecilia (Figure 3, Supplementary Figure S4) . Swords are absent in the whole genus other than a small extension of the ventral part of the caudal fin found in 2 species, P. kykesis and P. petenensis (Poeser 2002) .
For P. formosa, the natural hybrid between a long-fin and a shortfin molly, we predicted that the preference for swords should be uniform and weak (intermediate between the short-fin and long-fin preferences) among populations or resemble the one found in the maternal ancestor, P. mexicana. We found no difference of preferences within P. formosa that are sympatric with the same host species (i.e., no population differences, N = 5), suggesting that the historical overlap between P. latipinna and P. mexicana known from the Laguna Champaxan had no influence on our data. However, we did find an absence of a preference for swords in the P. formosa coexisting with P. mexicana as hosts although this was not the case for P. formosa that coexist with P. latipinna. Importantly, the pattern of preferences is not consistent within the species, and P. formosa that have P. latipinna as 
Figure 2
Mean SOP scores (± 95% confidence intervals) for Xiphophorus hellerii (gray), Poecilia latipunctata (light red), Poecilia latipinna (light blue), Poecilia mexicana (green), Poecilia formosa sympatric with P. latipinna (dark red) reflects the preference for swords in P. latipinna males from females that are sympatric with them (first dark red bar) and no preference for either sworded or nonsworded P. mexicana males (second dark red bar), and P. formosa sympatric with P. mexicana (dark blue) reflects the discrimination against sworded P. latipinna males from females that are sympatric with P. mexicana, and a lack of preference for either sworded or nonsworded male P. mexicana.
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http://beheco.oxfordjournals.org/ hosts preferred P. latipinna males with swords, just like the host females they coexist with. This finding is not in agreement with a scenario that views P. formosa as evolutionary frozen F1 hybrids (Dries 2003) , and might point to evolution of population and host-specific preferences in P. formosa. We have no compelling explanation for this phenomenon yet but find a similar pattern in a study of female preferences for large male body size (Schlupp I, unpublished data) , where P. formosa preferences for male body size vary among individuals and between populations but closely resembles the preferences found in the host females. Another study investigating female preferences for vertical bars (Schlüter et al. 1998; Morris et al. 2001 ) also found matching, host-specific preferences in P. formosa (Poschadel et al. 2009 ). Recently, Kim et al. (2014) also found a difference in female preference between P. formosa from sympatry with P. latipinna versus P. mexicana. They suggested that preferences for body shapes might be relevant in decision making. Overall, it is difficult to imagine how these differential preferences evolved and how they could be adaptive for the females, but one major difference between females is where they grew up, and the social environment plays a potentially important role here (Schlupp 2009 
Micropoecilia picta
Figure 3
Maximum clade credibility chronogram resulting from BEAST analyses of the mitochondrial gene dataset with posterior probabilities shown for reference. Branch terminals labeled with species-specific behavioral preferences, where known, and photographs shown of select species. Poecilia formosa has all 3 character states (this study): no preference for the sword in Poecilia mexicana males, a preference for the sword in Poecilia latipinna males when in sympatry; and a preference against a sword in P. latipinna males when in sympatry with P. mexicana (photographs were provided by J.B. Johnson, A.M. Makowicz, and the Xiphophorus Genetic Stock Center, Texas State University). shown to influence consistent female preferences for the sword in X. hellerii (Walling et al. 2008) ; similar experiences may also be occurring in P. formosa.
For other preferences, P. formosa females may somehow learn from their host species, and their preferences may be shaped and modified by the social environment that a female experiences. Females used in this study, however, were maintained in similar, single-species environments, and there was a lack of any social learning opportunity among females of different species (i.e., P. formosa females were unable to learn from P. latipinna females). In addition, the females were maintained with males from only their natural host species (see above), supporting that the other host species (either P. latipinna or P. mexicana depending on the population) was indeed a novel male for all females. Although we cannot account for how the environment may be influencing the behaviors of P. formosa females, our data suggest that there might be a correlated, but unknown, variable influencing their preferences for sworded P. latipinna males when in sympatry and against sworded P. latipinna males when sympatric with P. mexicana. On the other hand, a preference for a sworded male may have evolved after the initial hybridization event via mutations, gene conversion, or introgression of the parental genome (Schlupp and Riesch 2011) .
Furthermore, the biogeography of these species could influence their pre-existing biases for sworded males. Of the several species tested thus far, only a few of them co-occur with sworded Xiphophorus, which may influence the bias for swords. For instance, Heterandria bimaculata co-occur with swordtails and have been shown to exhibit a negative preference for sworded males (Basolo 2002a) . Species may evolve a preference for nonsworded males to maintain species recognition (Rosenthal et al. 2002; Wong and Rosenthal 2006; Rosenthal and Ryan 2011 ). As we found in P. formosa that were sympatric with P. mexicana, the negative preference for sworded P. latipinna males may be due to a historical overlap with sworded Xiphophorus, therefore, evolving a negative preference for all sworded males.
More generally, our results tend to agree with Basolo (2002a) and indicate that the existence of a preference for the sword is likely an ancestral trait in the long-fin molly clade (Figure 3, Supplementary  Figure S4 ), indeed, ancestral to all Poeciliids. The preference in P. latipunctata is not based on its short-fin morphology but rather based on their phylogenetic position as long-fin molly. In the bigger picture, mapping the preference for swords onto our phylogeny, points to an early origin of the preference, with few subsequent losses of the preference and likely only one origin of a matching trait in the whole family. This interpretation has weak Bayesian factor support and, of course, may change with an updated phylogeny, a broader analysis of the pre-existing bias for swords in more basal Poeciliids, out-groups to the Poeciliid family, and within the genus Xiphophorus itself. Particularly, the missing data found throughout the Poeciliid family must be addressed to make a firm conclusion on the ancestral state for this pre-existing female preference.
The pre-existing bias hypothesis is always dependent on the best phylogeny available. As phylogenetic trees change over time, so too must the interpretations of the existing data when the original interpretations do not hold. Although the poeciliid phylogeny, in general, has not changed significantly, only recently have researchers come to a consensus about major relationships (i.e., major clades such as northern swordtails, southern swordtails, northern platies, and southern platies) within Xiphophorus (Meyer et al. 1994; Basolo 1996 Kang et al. 2013; Jones et al. 2013) . We were able to recover the same major clades in our phylogenetic tree, however, the species within, as with the other more recent trees (Cui et al. 2013; Kang et al. 2013; Jones et al. 2013) , show different relationships. However, the genus Poecilia sensu stricto (the mollies) has maintained strong consistent support for almost 2 decades (Schartl et al. 1995; Ptacek and Breden 1998; Ptacek et al. 2011) . Indeed, our data strengthen this view, showing that P. latipunctata, although they lack the long sailfin morphology, still behave like long-fin mollies. Nonetheless, we can conclude that the pre-existing bias for sworded males is most likely ancestral to the long-fin molly clade, and it is very likely that this bias is ancestral to the family in general, although, more extensive analyses on pre-existing biases for the sword are required to strongly support these conclusions. In addition, we show that in order to really address whether or not pre-existing biases occur throughout a family, the phylogenies need to be studied broadly and include non-model species that are unique in morphology, ecology, and/or genetics. Although the interpretations from such species may not always be straightforward, they can provide valuable insight to the evolution of such pre-existing preferences.
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